ABSTRACT The objective of this study was to investigate the effects of excess dietary fluoride (F) on laying performance and antioxidant capacity of laying hens. A total of 576 laying hens, 51 wk old, was randomly divided into 6 groups, each of which included 6 replicates of 16 hens. Graded amounts of sodium fluoride (NaF) were added to the basal diet to achieve concentrations of 16 (control), 200, 400, 600, 800, and 1,000 mg/kg F, respectively. Dietary F at 1,000 mg/kg significantly decreased ADFI, laying rate, and average egg weight, and increased feed conversion ratio (FCR) (P < 0.05). No significant differences were observed in serum total antioxidant capacity (T-AOC) level or catalase (CAT) concentration among all the treatments, while hens fed F at 800 and 1,000 mg/kg had higher activity of serum glutathione peroxidase (GSH-PX) and concentration of malondialdehyde (MDA) (P < 0.05) as compared to the control group. Compared with the control group, dietary F at 400 mg/kg increased liver MDA concentration (P < 0.001), and decreased CAT concentration of liver (P < 0.001); 600 mg/kg F decreased liver T-AOC levels (P < 0.001); and 800 mg/kg of F decreased liver total superoxide dismutases (T-SOD) activity (P < 0.001). Compared with the control group, feeding F at 600 mg/kg decreased kidney T-AOC levels and T-SOD activity (P < 0.001), and increased MDA concentration of kidney (P < 0.001), while dietary 1,000 mg/kg of F decreased kidney GSH-PX activity (P < 0.05) and CAT concentration (P < 0.001). In conclusion, these results indicated that excessive F ingestion had an adverse effect on laying performance by inducing oxidative stress and impairing the antioxidant system of laying hens.
INTRODUCTION
Fluoride (F) is a ubiquitous toxicant originating from natural and industrial sources (Whitford, 1983) . Toxic effects of high F intake, referred to as fluorosis, on teeth, bones, and other soft tissues is well-defined clinically (Monsour and Kruger, 1985; Krishnamachari, 1996) . Fluorosis is a serious public health problem reported in many parts of the world, mainly including Poland, Czech Republic, Turkey, Jordan, India, Mexico, and the United States, among others. The problem is aggravated particularly in China where it is caused not only by drinking fluoride-containing groundwater but also by misusing fluoride-containing additives ( Jubb et al., 1993; Han and Shi, 1998; Han et al., 2002; Wei and Wei, 2002) .
In the last few decades, several studies had reported that F interacts with cellular systems and induces oxidative stress leading to the production of reactive oxygen species (ROS) and modulating intracellular redox homeostasis, as well as lipid peroxidation (Barbier C Podder et al., 2010; Chattopadhyay et al., 2011) . Now oxidative stress is a recognized mode of action of F exposure, which has been observed in vitro in animal cells Ghosh et al., 2002) and soft tissues such as the liver, kidney, brain, and lung (Guo et al., 2003; Shanthakumari et al., 2004; Bouaziz et al., 2007; Hassan and Yousef, 2009; Basha and Madhusudhan, 2010; Chouhan et al., 2010) in vivo. As is known, the liver is responsible for detoxification and the kidney is the major organ responsible for removal of F from the body, thus making them highly vulnerable to the toxic effects of F (Shivashankara et al., 2000; . However, there are few studies related to the influence of F on the antioxidant capacity in laying hens. Thus, the present study was conducted to evaluate the effects of F on laying performance and antioxidant capacity in the serum, liver, and kidney of laying hens to obtain basic information for effective prevention and treatment of chronic fluorosis.
MATERIALS AND METHODS
The experiment was performed according to the Chinese Guidelines for Animal Welfare and approved 2200 by the Animal Welfare Committee of the Animal Science College of Zhejiang University (Hangzhou, China).
Birds and housing
A total of 576, 51-week-old Jinghong No.1 commercial laying hens with similar performance, obtained from a commercial layer farm (Hangzhou, China), was randomly distributed into 6 treatments with 6 replicates of 16 hens. Four hens in an individual cage (45 X 45 X 50 cm) equipped with 2 nipple drinkers and one feeder were located in a ventilated room with a temperature between 20 and 25
• C and RH of 65 ± 5%. Hens were kept in 3-layer complete ladder cages and fed ad libitum twice daily at 07:00 am and 15:00 pm, and water nipples were available all times. Hens were kept under controlled environmental conditions, and a photoperiod of 16 h daily light was maintained.
Experimental diets
The control group was fed with a corn-soybean meal basal diet (16 mg/kg F). Graded amounts of sodium fluoride (sodium fluoride, NaF, 99% purity, Hushi, Shanghai, China) were added to the basal diet to achieve concentrations of 16 (control), 200, 400, 600, and 1,000 mg/kg F, respectively. The diets were formulated to meet or exceed NRC (1994) recommendations for all nutrients. Ingredient composition and analyzed nutrients are presented in Table 1 . The experiment lasted for 11 wk, including a 2-week acclimatization period and a 9-week experimental period.
Sample collection
Feed residues were collected and weighed weekly to enable estimation of feed intake. Eggs gained from each replicate were counted and weighed daily to calculate laying rate, egg weight, and feed conversion ratio (FCR). Health status and mortalities were visually observed and recorded daily throughout the entire experimental period. At 61 wk of age, 12 layers (2 layers per replicate) were selected from each group and weighed and finally sacrificed after 12 h fasting (water offered ad libitum) to collect the liver and kidney. The samples were rinsed twice with ice-cold PBS and dried with filter paper to avoid blood contamination. Blood samples were collected from the jugular vein and centrifuged at 958 × g for 10 min to separate out serum. All samples were stored at -80
• C prior to analysis.
Assay of antioxidant indices in serum, liver, and kidney
Homogenates of liver and kidney tissues were prepared by mixing with ice-cold isotonic physiological saline at the ratio of 0.1 g per mL, and centrifuging (958 × g, 10 min) to gain the supernatant. Antioxidants of total antioxidant capacity (T-AOC), glutathione peroxidase (GSH-PX), malondialdehyde (MDA), total superoxide dismutases (T-SOD), and catalase (CAT) in the serum, liver, and kidney were measured by assay kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) based on the procotocals of commercial kits. All these indexes were determined with a spectrophotometer (UV-2000, Unico Instruments Co. Ltd., Shanghai, China).
Statistical analysis
Data were statistically analyzed by one-way ANOVA of SPSS 20.0 for Windows. (SPSS Inc., Chicago, IL). If significant differences were found (P < 0.05), Tukey post hoc tests were performed.
RESULTS

Effect of dietary F levels on laying performance
As shown in Table 2 , the laying rate in the 800 and 1,000 mg/kg F groups decreased by 12.8% (P < 0.001) and 22.5% (P < 0.001); average daily feed intake in the 800 mg/kg and 1,000 mg/kg F groups decreased by 7.97% (P < 0.001) and 13.60% (P < 0.001); and average egg weight was significantly decreased (P < 0.05) and FCR was significantly increased (P < 0.05) in the 1,000 mg/kg F group, respectively, when compared with the control group. 2 Liver and kidney protein concentrations were determined using the Coomassie Brilliant Blue g-250 reagent with BSA (AOBOX Biotechnology Co. Ltd., Beijing, China) as a standard, and the concentration of T-AOC was expressed as U per milligram of protein (U/mg pro).
a-d Means within a column with different superscripts differ significantly (P < 0.05).
Effect of dietary F levels on oxidant capacity in serum
Dietary 1,000 mg/kg of F increased serum GSH-PX activity (P < 0.05) ( Table 4 ) and MDA concentration (P < 0.001) (Table 5 ), compared to those of controls. No differences were observed for serum T-AOC levels (Table 3) , T-SOD levels (Table 6 ), or CAT concentration (Table 7) .
Effect of dietary F levels on oxidant capacity in kidney
Compared with the control group, the kidney T-AOC level (Table 3 ) and T-SOD activity (Table 6 ) decreased linearly (P < 0.001) and MDA concentration (Table 5) increased (P < 0.05) from the 600 to 1,000 mg/kg F groups; also, GSH-PX activity (Table 4) and CAT level 2 Liver and kidney protein concentrations were determined using the Coomassie Brilliant Blue g-250 reagent with BSA (AOBOX Biotechnology Co. Ltd., Beijing, China) as a standard, and the concentration of GSH-Px was expressed as U/mL. a-b Means within a column with different superscripts differ significantly (P < 0.05). (Table 7) were decreased by feeding 1,000 mg/kg F (P < 0.05).
Effect of dietary F levels on oxidant capacity in liver
Adding F to the basal diet significantly decreased the liver T-AOC levels (Table 3) (P < 0.001). Dietary 400 to 1,000 mg/kg F increased the liver MDA concentration (Table 5) and decreased liver CAT level (Table 7) (P < 0.001), while dietary 800 mg/kg F decreased liver T-SOD levels (Table 6) (P < 0.001), as compared to those of the controls. 2 Liver and kidney protein concentrations were determined using the Coomassie Brilliant Blue g-250 reagent with BSA (AOBOX Biotechnology Co. Ltd., Beijing, China) as a standard, and the concentration of T-SOD was expressed as U per milligram of protein (U/mg pro).
a-c Means within a row with different superscripts differ significantly (P < 0.05). 2 Liver and kidney protein concentrations were determined using the Coomassie Brilliant Blue g-250 reagent with BSA (AOBOX Biotechnology Co. Ltd., Beijing, China) as a standard, and the concentration of CAT was expressed as U per milligram of protein (U/mg pro).
a-d Means within a row with different superscripts differ significantly (P < 0.05).
DISCUSSION
Although F is an essential trace element for animals, long-time or excessive exposure to F can result in body damage and diseases (Monsour and Kruger, 1985; Bouaziz et al., 2007) . Our results showed that excess dietary F significantly decreased laying rate, ADFI, and average egg weight, and increased FCR. This observation was similar to the previous findings by Hahn and Guenter (1986a) , who found that high F (1,000 mg/kg) intake significantly depressed feed intake and laying production. Hahn and Guenter (1986b) demonstrated that laying performance of hens was not significantly influenced until excess supplemental 700 mg/kg of F in the basal diet. The results presented above indicate that the toxic range of fluoride might be connected with dose and duration of exposure.
Reactive oxygen species are a family of oxygen derivatives that includes superoxide, hydroxyl radical, hydrogen peroxide (H 2 O 2 ), and nitric oxide (Reid and Durham, 2002) . In normal conditions, excessive oxidative radicals are eliminated by antioxidant systems, such as a series of antioxidant enzymes (Valko et al., 2007) . Reactive oxygen species are implicated as important pathologic mediators in many disorders (Shanthakumari, et al., 2004) . Suzuk et al. (2015) demonstrated that F exposure generates ROS. Increased generation of ROS and enhanced lipid peroxidation are considered responsible for the toxicity of a wide range of compounds (Halliwell and Gutteridge, 1986; Cross et al., 1987) . The antioxidant capacity of the body consistently protects cells from the lipid peroxidation caused by F exposure, suggesting that oxidative/ nitrosative damage is the major mode of fluoride toxicity (Mittal and Flora, 2006; Hassan and Yousef, 2009) .
Various authors have investigated relationships between F and free radical reactions (Kumari and Rao, 1991; Chinoy and Patel, 2000; Vani and Reddy, 2000) . Krechniak and Inkielewicz (2005) found a high degree of correlation between concentration and free radicals in soft tissues from F exposed rats. Investigations indicated that excessive F can inhibit the antioxidant enzymes in the liver, kidney, heart, ovary, brain, and gastrocnemius muscle of different animals treated with F (Patel and Chinoy, 1998; Sharma and Chinoy, 1998; Vani and Reddy, 2000; Guo et al., 2003) .
Oxidative damage to lipids occurs in the living animal due to an imbalance between the production of ROS and the animals defense mechanisms (Kregel and Zhang, 2007) . MDA is a soluble degradation product of lipids, and MDA levels can be used to monitor the extent of lipid peroxidation (Janero, 1990) . Earlier studies reported that lipid peroxidation increased in the erythrocytes of fluorosis humans (Kumari and Rao, 1991) . Sun et al. (1998) investigated that excessive F can enhance lipid peroxidation. A study of Mukhopadhyay et al. (2015) found that the MDA level of zebrafish liver increased significantly in all F treatment groups. Shivarajashankara et al. (2001) found that MDA levels were significantly elevated in the red blood cells of the F-treated (test) rats. In agreement with preliminary results, our study found that MDA levels were significantly elevated in the serum, liver, and kidney of laying hen response to the 1,000 mg/kg F treatment, implying that F exposure could trigger oxidative damage via enhancing lipid peroxidation in laying hens.
The integrative index of T-AOC reflected the total capacity of antioxidant systems in the body. Declined levels of T-AOC attributing to excessive F exposure had been reported in rats, pigs, and zabrafish previously Feng et al., 2012; Mukhopadhyay and Chattopadhyay, 2014) , whereas little is known about laying hens. Our study reflected that high F (1,000 mg/kg) intake significantly decreased T-AOC concentrations in the liver and kidney, suggesting excessive F could aggravate oxidative damage by impairing antioxidant systems in tissues.
The antioxidant GSH-Px is not only capable of resolving H 2 O 2 into water (H 2 O) in preventing the damage of H 2 O 2 , but also is able to decompose lipid peroxide into a non-toxic substance to protect against cell damage (Reiter et al., 1995) . In the current study, GSHPx activity in the liver and kidney was diminished by supplementing F in the basal diet, which was in accordance with those of earlier studies (Wei et al., 1995; Patel and Chinoy, 1998; Sharma and Chinoy, 1998; Shanthakumari et al., 2004; ). In contrast, serum GSH-Px activity increased, indicating that the layers may arouse an adaptive response to defend the oxidant challenge due to prolonged exposure (11 wk) to high F.
Superoxide dismutase and catalase play an important role in protecting cells from ROS-induced damage. Superoxide dismutase converts superoxide anion into H 2 O 2 and oxygen (O 2 ). In turn, H 2 O 2 is degraded by CAT to H 2 O and O 2 (Han and Yoon, 2004) . Shanthakumari et al. (2004) showed a significant decrease in T-SOD and CAT activity in the liver and kidney in response to excess dietary F (25 mg/kg F/rat/day) of experimental rats. found that hepatic CAT and SOD activities decreased in fluoride-treated groups. Wei et al. (1995) reported that no difference was observed in activity of T-SOD in the erythrocytes of fluorosis humans. Bouaziz et al. (2007) reported that the activity of T-SOD decreased after NaF treatment in female mice. Shanthakumari et al. (2004) demonstrated that excess dietary F decreased the activity of CAT in the liver and kidney of experimental rats. Contrary to previous reports, Mukhopadhyay et al. (2015) found that liver T-SOD and CAT activity of zebrafish increased significantly in all F treatment groups. Our study reflected that T-SOD and CAT activity decreased in the liver and kidney in response to excess dietary F (1,000 mg/kg) of laying hens. This result indicates that excessive F weakens body antioxidant capacity and the ability of scavenging peroxide of laying hens.
In conclusion, these results suggest that excessive ingestion of F has a significant adverse effect on the laying hen performance by inducing oxidative stress and impairing the antioxidant system of laying hens.
